ABSTRACT The distribution of a selection of cationic fluorescent dyes can be used to measure the membrane potential of individual cells with a microfluorometer. The essential attributes of these dyes include membrane permeability, low membrane binding, spectral properties which are insensitive to environment, and, of course, strong fluorescence. A series of dyes were screened on HeLa cells for their ability to meet these criteria and several commercially available dyes were found to be satisfactory. In addition, two new dyes were synthesized for this work by esterification of tetramethyl rhodamine. The analysis of the measured fluorescent intensities requires correction for fluorescence collected from outside the plane of focus of the cell and for nonpotentiometric binding of the dye. The measurements and analysis were performed on three different cell types for which there exists a body of literature on membrane potential; the potentials determined in this work were always within the range of literature values. The rhodamine esters are nontoxic, highly fluorescent dyes which do not form aggregates or display binding-dependent changes in fluorescence efficiency. Thus, their reversible accumulation is quantitatively related to the contrast between intracellular and extracellular fluorescence and allows membrane potentials in individual cells to be continuously monitored.
INTRODUCTION
Over the past 15 years, the utility of fluorescent dyes as indicators of membrane potential has been firmly established (Waggoner, 1979; Loew, 1988) . The most sensitive dyes, and therefore the most widely used, are in the class of "6slow" dyes which undergo potential dependent redistributions across the membrane (Freedman and Laris, 1981; 1988) . A hydrophobic ionic dye will have some equilibrium distribution between the external aqueous medium, the cell plasma membrane, the cytosol, and the membranes and aqueous compartments of intracellular organelles. The membrane potential plays a direct role in governing the distribution across and within the plasma membrane. The more negative the potential the greater the accumulation of positively charged dye. All these are coupled equilibria, so that the amount of dye that can associate with the organelles is also indirectly controlled. Thus, the membrane potential controls the averaged environment of the dye; since the fluorescence of a dye is typically very sensitive to its molecular environment, a change in mem-brane potential can be reflected in a change in fluorescence. The size of this change will depend on the sensitivity of the dye fluorescence to its environment and on the sensitivity of the dye distribution to membrane potential.
Very often dye binding to membranes causes an increase in fluorescence quantum yield and a shift in the wavelength of maximum excitation and emission. If the equilibrium constant for dye binding is such that approximately half the dye is in the membrane and half is in the aqueous medium, a small change in membrane potential can cause a large change in the observed fluorescence. This situation can be obtained by manipulating the concentrations of dye and membrane and by choosing the combination of excitation and emission wavelengths which give the largest relative change in fluorescence. There are several positive cyanine (Sims et al., 1974) and negative oxonol (Smith et al., 1976) probes which appear to have adopted this variant of the redistribution mechanism.
Even more dramatic changes in fluorescence are obtained when the dye has a tendency to form nonfluorescent aggregates at high concentration. This phenomenon is commonly observed with positively charged cyanine dyes which accumulate under the influence of negative membrane potentials (Sims et al., 1974; Waggoner, 1979) . The effect is especially pronounced with the more highly conjugated cyanines at higher concentrations. Aggregates can form in either the plasma membrane, the cytosol, or within intracellular organelles, and, by the law of mass action, their formation drives even more monomer into association with the cell. In a lipid vesicles system, a -170 mV potential caused a 1 million-fold concentration of a cyanine dye with a resultant 98% quench of the fluorescence from the total suspension (Loew et al., 1985) .
If the ion is not too hydrophobic, has little tendency to aggregate, and if there are no specific binding interactions with protein or nucleic acid molecules in the cell, the distribution will be primarily governed by the Nernst equation:
where Vis the membrane potential, Z is the charge on the ion, R is the ideal gas law constant, T is the absolute temperature, and Ci and C0 are the concentrations inside and outside the cell, respectively, of the permeant ion. This idea is the basis of the radiolabeled tetraphenyl phosphonium (TPP) assay developed by Kaback and his coworkers for measuring membrane potential (Lichtstein et al., 1979) . In this assay, cells are separated from the medium and the radioactivity from each counted; the results are corrected for passive binding of the hydrophobic ions to the cell and are adjusted for the relative internal cell volume to provide the concentration ratio in Eq. 1. This procedure has the disadvantage, compared with the fluorescence methods, of a separation step which precludes the continuous monitoring of potential changes. On the other hand, the fluorescence methods are best suited to kinetic applications rather than the measurement of absolute values of the membrane potential; the latter is possible, but generally requires a cumbersome calibration protocol (Freedman and Laris, 1981) .
In this paper we report an approach using both existing and custom-synthesized fluorescent cationic dyes which are designed to distribute according to the Nernst equation. The compact structures of these dyes, mainly rhodamine analogues, are similar to that of the TPP cation in that there are no long hydrophobic groups to intercalate into the lipid bilayer and there is very little tendency for them to aggregate. Thus, these probes can be used to monitor the potential on individual cells with a microfluorometer; as opposed to the other redistribution-based mechanisms, the total fluorescence from a suspension of cells containing one of these "Nernstian dyes" is not sensitive to the potential. In fact, after correction for some unavoidable background staining, the ratio of fluorescence determined from the inside and outside of a single cell is proportional to the ratio of concentrations in Eq. 1 and can therefore be used to determine the absolute value of V. The assay also contrasts with the TPP method in that an individual cell may be monitored continuously. Preliminary results of this investigation have been reported (Ehrenberg et al., 1987; Loew et al., 1986) .
MATERIALS AND METHODS

HeLa Cells
The cells were grown on 22 x 30 mm microscope coverslips in Dulbecco's modified Eagle's minimal essential medium (Gibco, Grand Island, NY). They were washed three times with Earle's Balanced Salt Solution (Gibco) (EBSS) and were then incubated for 10 min in 2 ml of one of the following solutions containing the dye under investigation: EBSS only, for measuring the resting potential; EBSS, which contained valinomycin to impose a K+ diffusion potential on the cells; potassium-rich, modified EBSS buffer (no NaCl, 170 mM KCI, and NaHCO3 at 13 mM rather than 26 mM concentration), also including valinomycin, to collapse the membrane potential. The bottoms of the coverslips were wiped dry and they were then inverted onto microscope slides. The 
RESULTS
Treatment of the Data An ideal ionic dye for use as a Nernstian fluorescent indicator of membrane potential would have to meet several criteria. It should permeate through the cell's membrane, yet it should have a low membrane partition coefficient, i.e., low membrane staining. It also should not stain intracellular organelles or macromolecules as a result of specific or nonspecific binding. The ratio of the fluorescence intensities measured from inside and outside the cell should be related to the membrane potential through the Nernst equation. This requires that there be no self quenching or other spectral perturbations of the dye taken up by a cell, so that the ratio of fluorescence intensities can be equated with the ratio of concentrations. Other more general concerns for any vital fluorescent stains include high photostability and low toxicity.
We employed HeLa cells to screen a number of highly fluorescent cationic dyes for their ability to meet these criteria. The 170 mM K+ concentration in the high-K+ modified EBSS buffer, described in Materials and Methods, is very close to the reported values of the HeLa intracellular K+ concentration (Boardman et al., 1974; Pollack et al., 1981) . Thus, with valinomycin present in the solution, the cells should be depolarized, and the fluorescence of the dye should be homogeneous (i.e., the fluorescence field of view should be of uniform brightness, rendering cells invisible). All the dyes we checked, however, exhibited some membrane and intracellular binding. Therefore, a correction for the non-Nernstian binding was required.
Under conditions of V = 0 (i.e., high external K+ with valinomycin) the intensities inside (F°) and outside (F°) the cell were determined. (Borle and Loveday, 1968; Okada et al., 1973; Aiton and Pitman, 1975; Husler and Lauterwasser, 1982; Roy and Sauve, 1983; Lampidis et al., 1985) . Undoubted- 
bicities vary widely. Some of the dyes stained the cells strongly and irreversibly whereas others required long incubations to attain an equilibrium distribution. The molecular structures of the fluorescent cations which had the best properties are shown in Fig. 1 . A summary of the results obtained with these dyes on HeLa cells is given in Table I . All the dyes had significant nonpotential dependent binding to the cells, as the Kb values indicate. The fluorescence micrograph with TMRM, Fig. 2 , shows that the dye stains the cytosol as well as intracellular organelles. The nuclear area appears to be stained to a lesser extent, reflecting the absence of membranous organelles. Therefore, to minimize the correction for non-Nernstian dye accumulation, the measurement of fluorescence intensity inside the cells was made at these relatively darker uniformly stained areas.
As is evident from Table I , rhodamine-6G has the highest binding constant of the five dyes, but reducing the number or size of the alkyl substituents, as in TMRM and TMRE, lowered the extent of binding by more than an order of magnitude. The higher hydrophobicity of the ethyl ester (TMRE) is reflected in its slightly higher binding constant, compared with the methyl ester molecule, TMRM. The resting potential is in the range -52 to - -50 to -60 mV for all the dyes, except for amethyst violet. We found that the results are practically independent (to <15%) of the valinomycin concentration in the range of 0.05 to 5 ,uM, indicating a saturation of the K+ diffusion capacity. We also employed the HeLa cells to see if dye accumulation led to any intrinsic change in fluorescence efficiency. This would preclude use of the corrected fluorescence intensities as a direct measure of dye concentration. To test for this, we simply measured the total fluorescence from a cell suspension in a spectrofluorometer. In Fig. 3 , the level of TMRE association with the cells is modulated by successive additions of cells and subsequent introduction of valinomycin. It is apparent that dye association with HeLa cells has a very minor effect on its total fluorescence. Similar results were obtained with the other dyes in Fig. 1 except for the cyanine dye, di-O-C,(3), which did display some fluorescence enhancement upon binding to the cells.
J774 Macrophage Cells
Numerous measurements of the transmembrane potential of mouse macrophage cells, performed by both microelectrodes and molecular probes, have been reported in the literature. Values in the range -25 to -90 mV were observed for macrophage cells of varying origins (Dos Reis and Oliveira-Castro, 1977; Castranova et al., 1979; Kouri et al., 1980) . Generally, values obtained by microelectrode impalements and by uptake of TPMP, did not coincide. J774 cells, the macrophage-derived tumor line which we employed in this work, exhibited a resting membrane potential of -14 or -35 mV, when assessed by the uptake of the lipophilic cations tetraphenyl phosphonium (TPP) (Young et al., 1982) , and triphenyl methyl phosphonium (TPMP) (McCaig and Berlin, 1983) , respectively. By impaling with microelectrodes, a resting potential of -25 mV was observed (McCaig and Berlin, 1983) . It was demonstrated, however, that plating the cells from suspension onto a substrate caused an increase of the membrane potential from -15 to -70 mV over a period of 6-8 h (Sung et al., 1985) . We therefore decided to test our Nernstian dyes on the J774 macrophages, both in suspension and plated on coverslips. The level of staining at zero membrane potential with all the dyes was lower than that of the HeLa cells. The results obtained with the cells which were grown either on glass coverslips or in suspension, are shown in Table II . With cells on glass, the resting potential as reported by the various rhodamine dyes and by amethyst violet is between -60 and -72 mV, and the K+ diffusion potential is -43 to -70 mV. Cells that were grown in suspension and deposited on silicon-coated microscope slides, had the same K+-diffusion potential, but their resting potential, as measured with rhodamine-6G, was only -26 mV.
Neutrophil Cells The plasma membrane potential of neutrophil cells from different sources has been determined previously by a variety of methods (Simchowitz et al., 1982) . Because of the small size of these cells, molecular probes have been the primary tools in these experiments. Values from -45 to -86 mV Tatham et al., 1980; Bashford and Pasternak, 1985) have been reported. The potential of the rabbit neutrophils was estimated to be in the range of -66 to -86 mV (Tatham et al., 1980) .
The resting and K+-diffusion potentials of the rabbit neutrophil cells, as obtained with rhodamine-6G, TMRM, and TMRE are shown in Table III . Again, the resting potentials we obtained are within the range of the literature values. Amethyst violet and di-O-C1(3) could not be used because they did not equilibrate into the cells within a reasonable period of time.
Cell Viability in the Presence of the Dyes
Possible toxic effects of the dyes used in this work on the various cell lines were tested by the exclusion of trypan blue (Paul, 1970) . After washing the cells with the appropriate low-K+ buffers, which also contained 0.4% trypan blue and the dye, we counted stained cells on a hemocytometer. We found that with all the combinations of cells and dyes used in this work, the fraction of viable cells (i.e., those not stained by trypan blue) was within 3% of the value obtained for the same cells without the Nernstian dye present. All the viability values were 85% and higher. We can thus conclude that the dyes are not significantly toxic to the cells.
In addition, we probed for any effects of TMRE on the metabolic activity in HeLa cells by measuring ATP levels with the luciferin-luciferase assay (Leach and Webster, 1986) . Cells were incubated with varying concentrations of dye for either 75 or 200 min (in membrane potential determinations, the total exposure time of the cells to the dyes seldom exceeded 60 min). After 75 min, there was no significant reduction in ATP content (3.6 ± 0.2 pg/cell) compared with control for any dye concentration in the range tested (0.1-1.0,M). After 200 min, ATP levels were (Young et al., 1983; Sung et al., 1985) , using the uptake of TPP+, might be used as a point of comparison. Their reported values for the membrane potentials of cells in suspension and on a solid surface were -15 and -70 mV, respectively. With the same cells on coverslips, we obtained membrane potentials in the range of -51 to -70 mV. We obtained -26 mV with cells which were grown in suspension and were layered on a microscope slide which had been coated with a silanizing agent. Thus, our method is able to confirm the adhesion dependence of the membrane potential on these cells. Interestingly, we find that the K+ diffusion potential generated in the presence of valinomycin is not sensitive to cell-substrate interactions. This suggests that either K+ channels open or other ion channels close when the cells bind to the glass.
The standard deviations associated with the membrane potential measurements in Tables I, II , and III are quite large. This is not necessarily a reflection of poor precision in the measurements, however. It is likely that there is much more variation in physiological parameters such as membrane potential than is commonly appreciated from measurements of large populations of cells. Clearly, the degree of substrate adhesion is one parameter which strongly influences membrane potential. It is also clear that the membrane potential can fluctuate with the metabolic activity of the cell which, in turn, is likely to be a sensitive function of factors such as the position of the cell in the cell cycle, the degree of differentiation, cell viability, etc.
In a preliminary report (Loew et al., 1986; Ehrenberg et al., 1987) , we employed diffusion potentials on cell-sized liposomes to test the functional relationship of dye accumulation on membrane potential. This system is not com-plicated with ion channels and pumps which preclude the a priori prediction of the potential. Indeed, the agreement was excellent, especially in view of the lability of the diffusion potential in this system. Ideally, the simplest microfluorimetric measurement of membrane potential with a Nernstian dye would consist of the measurement of the fluorescence intensity of the dye inside and outside the cell, and the potential would be directly derived from Eq. 1. However, we have shown that two corrections are necessary, and as a result, additional measurements are needed to obtain the accurate value.
First, a microfluorimetric measurement of a membraneimpermeable dye such as FITC-labeled dextran is needed to evaluate the contribution of fluorescence originating from outside the cell to the measured intensity apparently collected from inside the cell. Second, the nonpotential dependent uptake of dye has to be separated from the Nernstian accumulation. This latter problem is also relevant to the existing redistributing lipophilic probes, such as TPP or TPMP (Altenbach and Seelig, 1985; Gibrat et al., 1985; Demura et al., 1985) . We therefore performed our measurements under conditions where the membrane potential is set to zero, in which case the contrast in the fluorescence between the inside and outside of a cell defines the non-Nernstian binding. (Johnson et al., 1981) . We were therefore very careful to measure the intracellular fluorescence at points which were free of stained and fluorescing organelles. The ability to visualize the dye distribution is, therefore, a major advantage of this method. Also, the rhodamine probes have fluorescence quantum yields which are insensitive to membrane binding (Fig. 3) , making the contribution to total fluorescence from dye bound to mitochondrial or other organelle membranes much less than with the cyanine dyes.
Microelectrode and patch techniques are available to measure the electrical properties of cell membranes. They are capable of defining the properties of individual channels and pumps in much greater detail than the method described in this paper. The Nernstian dyes should complement direct electrical methods in several important ways, however: (a) Many cells can be processed quickly. Typically, 20 cells are examined on a single slide in 45 min. This avoids any bias associated with choosing cells that are easily impaled (i.e., large cells) which may be built into the electrical measurements. (b) Not all cell types are amenable to patch or microelectrode methods for technical reasons; the cells may be too small or their membranes too resistant for efficient impalement or whole cell patching. (c) Heterogeneity in the response of a population of cells to a stimulus can be followed by monitoring fluorescence from a group of cells simultaneously using a multisite detector (e.g., photodiode array or low-light level video). Simultaneous electrical measurements on several cells are physically much more cumbersome and impractical. (d) The Nernstian dyes offer the opportunity to monitor, albeit qualitatively, the membrane potential of mitochondria in situ. (e) Uncertainties associated with membrane potential measurements with electrodes include the possibility of mechanical injury to the membrane and, for whole cell clamps, the need to match the ionic composition of the electrolyte in the pipet with the cytosol. The uncertainties associated with dye accumulation are quite different, so that the two types of measurements can serve to reinforce each other.
Dyes with a low Kb, such as TMRM and TMRE, would be expected to display readily reversible potential dependent uptake, which might be especially useful in kineticstudies. The probes should be especially suitable for applications involving fluorescence-activated cell sorting. These dyes could also be combined with the emerging digital video microfluorescence technology to permit experiments in which the membrane potential of individual cells may be correlated with a variety of inter-and intracellular events. The ability to distinguish cytoplasmic from mitochondrial fluorescence should be particularly useful in this connection. It is the intention of this work, by demonstrating that the dye accumulation can be quantitatively interpreted, to provide assurance that the method is reliable in more qualitative applications where a monitor of membrane potential in individual cells is desirable.
